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1. Section 1: Project Overview 
1.1 Task 1 Overview 
1.1.1 Task 1 Description 
To provide a perspective for our accomplishments, all of the sub-tasks in Task 1 
(as they were identified in the proposal) are identified below, and a brief description of 
the subtasks is given. 
Task 1   Define Generation IV Reactor Power Monitoring Requirements 
Task 1.1 The power monitoring requirements for the IRIS and GT-MHR will be 
evaluated.  Parameters considered will include maximum power level 
uncertainty, response time, etc. 
Task 1.2 The optimum locations for power monitors will be selected for both the 
IRIS and GT-MHR.  Factors to be considered will include the power 
monitoring requirements defined in Task 1.1 as well as expected detector 
sensitivity and the presence of gamma ray background. 
Task 1.3 Other applications and opportunities offered by SiC power monitors will 
be evaluated.  The prospects for on-line fault identification and diagnosis 
using pulse height and pulse shape analysis will be explored.  The use of 
miniature SiC detectors to define axial, azimuthal, and radial flux profiles 
will be investigated. 
1.1.2 Task 1 Performance History 
The Sub-Tasks 1.1 and 1.2 both have associated with them Sub-Sub-Tasks.  There 
are two Sub-Sub-Tasks per Sub-Task.  One Sub-Sub-Task relates to the IRIS reactor 
concept and is to be carried out as a collaborative effort between OSU and Westinghouse 
Electric Company (WEC).  The other Sub-Sub-Task relates to the GT-MHR reactor 
concept and is to be carried out as a collaborative effort between OSU and General 
Atomics (GA).  In Quarters 1 and 2 we emphasized the Sub-Sub-Tasks for IRIS.  In 
Quarters 3, 4, and 5 we emphasized the performance of the Sub-Sub-Tasks for the GT–
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MHR, to correct the imbalance in Quarters 1 and 2. 
In Quarter 3, a graduate student, Benone Lohan, calculated the neutron and gamma-
ray radial flux distributions in the reactor cavity and in the RCCS resulting from fission 
events within the GT-MHR core.  The GT-MHR reactor was modeled as nested infinitely 
long cylinders of varying compositions.  The calculations that were performed were 
appropriate for an assessment of the neutron and gamma-ray radial flux distributions in 
the midplane of the reactor core.  
In Quarter 4, Benone repeated the calculations for the GT-MHR that he undertook 
previously in Quarter 3.  However, in his repetition of the calculations, Benone accounted 
for axial variations of the core power and calculated the neutron and gamma-ray radial 
flux distributions, as a function of radius and axial location, in the reactor cavity and in 
the RCCS. 
In Quarter 5, we considered the possibility of placing SiC detectors within the 
central reflector of the GT-MHR.  We calculated the neutron flux in detector capsules, for 
detector capsules located at radial distances R=117 and R=153 cm from the central 
reflector centerline.  
In Quarter 6, we concerned ourselves with quantifying radiation exposures in the 
OSU Research Reactor (OSURR) Beam Port 1 in terms of the 1 MeV equivalent neutron 
fluence.  The resulting neutron dosimetry data are summarized below for irradiation of 
SiC in the irradiation vessel in Position 4 in Beam Port 1 for operation at 50 kW:  
Total
SiCMeVeq ,1,
φ (n cm-2s-1) =7.20 x 1010, HSiC =0.6610, and SiCd& (n cm-2s-1)(MeV-mb) =2.05*1012 
In Quarter 7, we predicted that the 1 MeV equivalent neutron flux (in n cm-2s-1) for 
full power operation of the GT-MHR is on the order of 1.2E+12 for the detector capsule 
located at a core radii of 117 cm and is on the order of 1.9E+13 for the detector capsule 
located at a core radii of 153 cm.  The corresponding values of the 1 MeV equivalent 
neutron flux for ex-core locations in the RC are on the order of 3E+07 for both R=430 cm 
and R=530 cm.  Within the RCCS, the 1 MeV equivalent neutron flux is on the order of 
3.4E+07 for R=610 cm.  These results indicate that the OSURR Beam Port 1 can be used 
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to simulate the degradation of the SiC detectors that would be incurred in the GT-MHR 
RC and RCCS over a time period that is more than 2400 times the testing period in the 
OSURR ( i.e. one hour of testing at full power operation in Beam Port of the OSURR 
would (neglecting rate effects) result in an amount of damage that is equivalent to the 
damage which would be incurred by the detectors during 480 hours of operation of the 
GT-MHR). 
Also, in Quarter 7, we used the calculations of the neutron radial flux distribution in 
the reactor cavity and in the RCCS, which were performed in Quarter 4, and the 
calculations of the neutron flux distributions within the central reflector of the GT-MHR, 
which were performed in Quarter 5, to predict the detector count rate at the respective 
detector locations.  The maximum triton count rate for a capsule at R=153 cm and 
Z=520cm for full power operation (P=600 MWt) is on the order 6.8E+5 T/s for a detector 
with a 500 μm diameter and a 1 μm thick LiF layer for 90% Li-6 enrichment.  For the 
same detector, at full power the maximum triton count rate for a capsule at R=117cm and 
Z=520 cm is 6.0E+05 T/s. The depletion of 6Li for one cycle is about 0.92%, if the 
detector is positioned at R=153 cm and Z=320 cm, and is 0.11% if the detector is 
positioned at R=117 cm and Z=320 cm.  For the same detector, the maximum triton count 
rate for R=430 cm and R=530 cm is on the order of 5 T/s for Z=520 cm, while the count 
rate for R=610 cm and Z=520 cm is on the order of 40 T/s.  
In Quarter 9 we reported that we had developed a method to estimate the 
DPA/fluence, using two well-known codes: MCNP and TRIM.  This effort was 
undertaken since predictions of radiation damage and radiation effects to the SiC 
detectors are important for deciding where the SiC detectors should be placed. 
In Quarter 10, we reported the results of our efforts to develop a Simulink model of 
the GT-MHR with which we can analyze Full Power Reactivity Insertion Transients 
(FPRITs) and Startup Reactivity Insertion Transients (SURITs), in order to determine 
scram setpoints and scram initiation times that protect the core in the event of FPRITs 
and SURITs.  In addition, we presented the code results for the case of a FPRIT.  
In Quarter 11, we described the application of the Simulink code to the analysis of a 
 4
SURIT for the GT-MHR, for a SURIT that is initiated with the GT-MHR in a state in 
which: 1) Rod Bank Groups 1 and 2 are fully withdrawn from the core, 2) The remaining 
rod bank groups are fully inserted, 3) The reactor is cold (300 K) and sub-critical at the 
BOEC (Beginning of Equilibrium Cycle) condition and 4) The reactor is operating with a 
fission power of 5.09 E-7 W.  For these conditions, if Rod Bank Group 3 (the rod bank 
with the largest worth of any of the rod banks) is withdrawn at the maximum rod 
withdrawal speed, then the maximum reactor power in this case is 313 MW; i.e., the 
reactor fission power never reaches the FPRIT trip point of 900 MW. 
In the Quarter 12 Quarterly Report, we described the application of the Simulink 
code to the analysis of a series of SURITs, for which the initial power is varied.  An 
envelope of response was determined to establish which initial powers correspond to the 
worst case SURIT.  
In the Quarter 15 Quarterly Report, we described our calculations using MCNP5 
and TRIM to determine, Totalφ , Total
SiCMeVeq ,1,
φ , SiCH  and the triton count rates at four radii in 
the downcomer region of IRIS, inside of two different designs of instrumentation tube. In 
a three-layer instrumentation tube, at R = 155 cm, where the triton count rate is more 
appropriate than for other locations, Total
SiCMeVeq ,1,
φ  and Totalφ  are 8.67E+10 cm-2s-1 and 
2.26E+11 cm-2s-1, respectively. At this location SiCH  is 0.38 and the triton count rate is 
1.40E+05 cps. In this calculation, we assumed that the detector (6LiF radiator and SiC 
diode) radius is 250 µm and that tritons that are born in (n,α) reactions in the 6LiF 
radiator are recorded with a detection efficiency of 39%.  We found no position in the 
IRIS such that the count rate is high enough (preferably more than 1E+06 cps) and the 
displacement damage (in term of Total
SiCMeVeq ,1,
φ ) is small enough that the SiC Schottky diode 
detectors can tolerate at least one reactor refueling cycle. 
In the Quarter 16 Quarterly Report, we developed methods to estimate the count 
rate and number of defects at 0 K created per atom using two well-known codes: MCNP 
and TRIM. We  used the methods which we developed previously (as described in the 
Quarter 15 Quarterly Report) to predict at what positions in a nuclear reactor silicon 
carbide (SiC) semiconductor diode detectors may work functionally as neutron monitors 
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for at least one refueling cycle of the Gas Turbine-Modular Helium Reactor (GT-MHR).  
It was shown that, for the stated SiC detector geometry, in comparison with detectors 
placed at R153, for detectors place at R117, the count rate for the detectors is one-half, 
but the average allPDPA)(  over a GT-MHR refueling cycle is twenty times smaller. For 
SiC detectors placed at R81 and R0 (the center of the central reflector), the reduction in 
the average allPDPA)(  over a GT-MHR refueling cycle is much more significant. Based 
on available data in literature, SiC detectors placed in a capsule that is located at R0 may 
tolerate at least one GT-MHR refueling cycle. However, more study is needed to define 
the detector failure, and then find the PDPA  for the corresponding neutron fluence and 
energy spectrum that caused the SiC detector to fail. 
In the Quarter 17 Quarterly Report, using a multiscale modeling methodology, we 
developed a simulation framework to estimate the number of defects for SiC detectors 
placed in the thermal region of the GT-MHR. We found that at 500 K, the Point Defects 
per Atom (PDPA) is 1.5x10-3 in the depleted region for SiC detectors placed at GT-MHR 
R0 for a refueling cycle, and that approximately half of the initially created defects 
anneal out during that period. However, from these results we currently cannot predict 
the changes in detection ability of the detector. Identification and modeling of the critical 
PDPA for detector failure is subject of our ongoing research. 
Also, in the Quarter 17 Quarterly Report, we included that our KLMC needs 
some modifications to be able to model the damage recovery at higher temperatures. 
These modifications include the migration of defects to the detector boundaries and 
interfaces and inter-cascade interactions. With this, studying the effect of different 
ambient temperatures on the damage annealing will become possible. Studies such as 
these are necessary to find the most appropriate temperatures for SiC neutron monitors 
placed in a thermal neutron environment. The final step in the modeling process is to 
evaluate the influence of the defects on the carrier mobility and other electrical properties 
of SiC, and to predict how these changes in the electrical properties of SiC affect the 
count rate of the power monitor. 
 
1.2 Task 2 Overview 
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1.2.1 Task 2 Description 
To provide a more complete perspective of this project, the sub-tasks in Task 2 
are identified below, and a brief description of the subtasks is given. 
Task 2   Design, Fabrication, and Evaluation of a High-Speed SiC Neutron 
Monitoring Channel. 
Task 2.1 SiC detector elements will be designed.  Factors to be considered include 
SiC diode area, depletion region thickness, substrate and depletion region 
n- doping levels, Schottky contact characteristics, and performance of the 
detector packages at high temperature and in high radiation fields. 
Task 2.2 Design specifications defined in Task 2.1 will be used to guide the 
manufacture of the SiC Schottky diodes.  A qualified SiC vendor such as 
Cree, Inc will carry out packaging of the diodes.  A prototype SiC power 
monitor will be assembled with these diodes. 
Task 2.3 Electronics will be developed to meet the requirements of the high event 
rates that are anticipated to be needed to meet reactor power monitoring 
accuracy and response time requirements.  These event rates are expected 
to be 107 – 108 sec-1 or higher, and may require the development of new 
pulse processing techniques. 
Task 2.4 The prototype SiC power monitor will be tested.  Pulse shape 
characteristics, including pulse height, rise time, tailing time, etc. will be 
defined.  These pulse shape characteristics will be electronically modified 
where appropriate to provide an optimized neutron response shape that 
will facilitate the development of high event rate electronics. 
Task 2.5 The prototype electronic counting channel for the SiC neutron detectors 
will be assembled. 
Task 2.6 The prototype SiC power monitor and high event rate electronics 
prototype will be reactor tested at the OSU Research Reactor (OSURR) 
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under neutron fluence rate conditions that will provide pulse rates that are 
commensurate with Generation IV monitoring requirements. 
1.2.2 Task 2 Performance History 
Regarding Task 2.1 and 2.2, our WEC subcontractor colleagues have developed 
designs for the SiC diode detectors that were used in the neutron-monitoring channel.  In 
the Quarter 4 report, we discussed our progress in developing a TRIM model of such a 
diode detector, and how we used the TRIM results to develop MatLab simulation models 
of the detector output current signal.  
Task 2.3 was the focus of our research efforts regarding Task 2 for Quarters 4, 5, 
and 6.  The TRIM/MatLab simulation models of the detector output current signal that 
were developed in Quarter 4 to fulfill the obligations of Tasks 2.1 and 2.2 are also 
important in fulfilling the obligations of Task 2.3.  
In Quarter 5, we reported the continued development of the simulation model from 
the output of the SiC detector to the channel’s end with: 1) the addition of a distributed 
parameter model of the cable using the program PSpice and 2) the inclusion of MatLab 
models of a voltage sensitive preamplifier and discriminator.  We concluded that the 
proposed electronic channel, with a voltage sensitive preamplifier of the type that we 
specified, is able to monitor the neutron flux of the core in the pulse mode with a count 
rate 4.0E+07 counts/s with a 9% deadtime loss.  The speed of the channel is limited by 
the discriminator dead time. 
In Quarter 6, we reported our continued development of the simulation model from 
the output of the SiC detector to the channel’s end (a discriminator) using a charge 
sensitive preamplifier, as opposed to a voltage sensitive preamplifier, as was used in our 
analysis in Quarter 5. 
In Quarter 8, we reported the results of our construction and testing of a fast 
electronic counting channel for the SiC diode detectors based on our modeling of the 
channel with TRIM, SIMULINK and MatLab.  The experimental setup was flawed 
because three amplifiers were used in the channel, instead of two, which was later shown 
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to be the optimum number of amplifiers.  Despite this flaw, the results of the experiment 
were still valuable regarding the conclusion that we drew from the experiments regarding 
pulse rise time.  The rise time of the detector signal was calculated to vary from 170 ps to 
520 ps.  
In Quarter 9, we reported the results of our efforts to establish a baseline for 
measurements regarding the degradation of the performance of the SiC detectors as a 
consequence of irradiation in mixed neutron and gamma-ray fields. We used a standard 
pulse height analysis (PHA) counting chain with a charge sensitive preamplifier to obtain 
thermal-neutron and fast-neutron pulse-height response data for SiC diodes.  
In the Quarter 13 Quarterly Report, we described testing to evaluate the degradation 
of the performance of the SiC detectors as a consequence of irradiation in mixed neutron 
and gamma-ray fields.  The evaluation of the degradation of the performance was 
accomplished using a standard pulse height analysis (PHA) counting chain with a charge 
sensitive preamplifier to obtain thermal-neutron and fast-neutron pulse-height response 
data for SiC diodes.  The measurements that are reported were taken by Dr. Ruddy and 
Mr. John Seidel, with the assistance of OSU project personnel.  Three SiC detectors were 
used; two with nominal 6LiF converter foil thicknesses of 24.2 µm and 2.5 µm, and one 
without a converter foil. A noticeable shift to lower pulse heights was observed as a 
function of increasing power level. A smaller shift to lower pulse heights was observed as 
a result accumulated neutron and particle fluences for repeated measurements at the same 
power.   
In the Quarter 14 Quarterly Report, we presented the results of reactor testing of a 
high-speed SiC neutron-monitoring channel, which is based on the use of a voltage 
sensitive preamplifier. The results show that the degradation of the detectors is 
sufficiently severe at room temperatures, that reactor testing of the high-speed SiC 
neutron-monitoring channel necessarily involves degradation of the performance of the 
detector, if the high-speed SiC neutron-monitoring channel is tested at its high count rate 
limit. 
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Section 2: Final Work 
The work that is reported below integrates contributions to both Task 1 and Task 2 
and as such is appropriate for the Final Report.    
2.1 Experimental and Computational Evaluation of the Response of a SiC 
Neutron Monitoring System in a Thermal Neutron Field  
 
2.1.1 Introduction   
Silicon carbide (SiC) is an interesting material for nuclear-reactor power monitor 
detectors. It has a wide band-gap, small volume and high break down electric field. In 
addition, SiC is chemically and neutronically inactive. Using SiC power monitors as in-
core detectors provides the ability for high counting rate that may help to increase the 
safety margins of nuclear reactors. Experiments at the Ohio State University research 
reactor (OSURR) [1] showed that SiC detectors cannot survive a fast neutron flux for an 
appreciable irradiation time. However, the situation in a thermal neutron environment is 
different, since thermal neutrons do not have enough energy to create displacement 
damage defects via scattering in SiC. Furthermore, the damage caused by 29Si and 13C 
recoils produced by (n, gamma) reactions in SiC is negligible. In fact, a computer 
modeling study on the usage of SiC detectors in the GT-MHR [2] showed that SiC 
detectors with a 6LiF converter may live as long as a reactor refueling cycle, if placed in 
the center of the GT-MHR’s central reflector, where neutrons are highly thermalized.  
The use of silicon detectors with converters like 6Li or 10B was proposed in the 
1960’s [3]. Recently, researchers at the Westinghouse Electric Company have published 
several papers regarding use of SiC diode detectors with LiF converter for thermal 
neutron spectroscopy [4-6].   
We demonstrate the performance of SiC diode detectors with a LiF converter in the 
thermal column facility (TC) of the OSURR.  The experimental count rate was observed 
to be 2.9x104 cps.  This count rate, based on our best knowledge, is one of the highest 
published count rates for this kind of detector placed in a thermal neutron environment. 
We completed the demonstration by comparing the TRIM simulation results with the 
experimental data. The experimentally determined thermal neutron flux in the TC at the 
detector position and TRIM (Ref. 7) simulations were used to estimate the maximum 
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triton count rates. The comparison is made to determine if the experimental count rate 
agrees reasonably well with the calculated maximum count rate.  
 
2.1.2 Detector Design 
To observe the triton response in the SiC p+-n diode, a detector with a 1.56-μm LiF 
converter (with 95% enriched 6LiF) was used. 6Li atoms in the LiF converter may absorb 
thermal neutrons and generate 2.05- MeV alpha and 2.73-MeV triton particles 
(6Li(n,3H)α reaction). An 8-μm Al layer was used to minimize damage in the SiC by 
blocking all alpha particles. However, most tritons have enough energy to pass through 
this layer and reach the 4.8-μm SiC active layer. The diameter of the LiF converter is 
0.508 cm and the SiC diode area is 1.1 mm x 1.1 mm (diode is a square). The active area 
of the diode is approximately 0.965 mm2. Upon irradiation in the TC, one can observe the 
triton peak in the recorded detector pulse-height spectra and the concomitant triton 
induced radiation damage on the detector. A schematic of the detector is shown in Error! 
Reference source not found.. Also, a top view of the detector diode package is shown in 
Error! Reference source not found.. 
 
2.1.3 Theoretical Calculations 
2.1.3.1  TRIM Simulation   
 
The purpose of performing TRIM simulations was to study the energy deposited in 
the active volume of the SiC detector by the thermal neutrons through the 6Li(n,α)3H 
reaction. To perform the simulation, the target and the ions that strike the target were 
specified. The target was SiC and the ions were tritons. An input file named “TRIM.dat” 
was created for the neutron-induced triton particles, including various depths and 
emission angles within the LiF layer. 
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Fig. 1.  Schematic of side view of SiC detector. The diameter of the LiF converter is 
0.508 cm and the SiC diode active area is 0.965 mm2 (diode is a square). Only the active 
region of SiC is shown. 
 
 
Fig. 2.  Top view of the detector Schottky diode package 
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The simulation was performed in two steps. A MATLAB program was written to 
generate the “TRIM.dat” input file. The code was written based on the Monte Carlo 
acceptance/rejection technique. It was assumed, in the code, that tritons were generated 
isotropically and uniformly throughout the LiF volume. The code writes, as input for 
TRIM, a file that contains only information regarding those tritons that are born with a 
direction of motion that will cause them to strike the p+-n diode detector’s active volume; 
thus greatly reducing the computational time and the statistical errors for the TRIM 
calculations. It should be noted that, only the ions that strike the detector’s active volume 
were tracked in the TRIM calculations. However, for determining the efficiency of the 
detector, all the ions, both those accepted and tracked and those rejected and not tracked, 
were considered. The MATLAB based rejection scheme yielded a sampling efficiency of 
about 2.0x10-2. 
 TRIM simulations create a number of output files that provide information such 
as collision details for each ion, track by track, and transmitted-ion details (for ions that 
enter the SiC active volume). Once the TRIM simulation was completed, the file 
containing collision details was processed. For the processing, only those tritons that had 
lost energy through interaction with Si or C atoms in the SiC active volume were 
considered. The magnitude of the current pulse is proportional to the number of electron-
hole pairs created in the active volume, which in turn is proportional to the deposited 
energy. Since tritons started at different depths within the LiF, and underwent multiple 
interactions in the SiC active volume, the amounts of energy lost by tritons were 
different. Most of the tritons passed through the SiC active volume completely and 
deposited their end-of-range energy in the SiC inactive volume (or substrate). 
The energy deposited by each triton in the SiC active volume was calculated on a track by track basis. 
A combination of EXCEL software and a MATLAB program were used to process the results from the 
collision file. The predicted triton geometric efficiency, based on TRIM simulations, was found to be 
1.2x10-2.  
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2.1.4 Experiments in Thermal Column 
To evaluate the degradation of SiC diode neutron detectors in mixed 
neutron/gamma ray radiation fields, experiments were performed in the TC of the 
OSURR. The performance of the SiC detectors was studied using a standard pulse height 
analysis counting chain with a charge sensitive preamplifier. 
 
2.1.4.1  Experimental Design 
The SiC detector package was connected to a pulse processing system consisting 
of a preamplifier (ORTEK 142 B) and a digital spectrum analyzer (Canberra DSA 2000). 
An oscilloscope (Hewlett Packard 54601B, 100 MHz) was used to study the shape of the 
signal from the amplifier. Bias voltage was provided by the DSA to the detector through 
the preamplifier. A power monitoring program was used to verify the reactor power that 
was displayed in the control room. Fig.  shows a schematic of the experimental setup 
used in the TC.  
 
Fig. 3.  Experimental setup used for SiC detector testing in the OSURR TC 
Detector Measurements 
 
The detector was placed in the TC and operated in pulse mode. The detector was 
reverse biased to 20 V. The DC current while operating the detector in the TC was on the 
order of Pico amps. The pulse height spectrum was obtained for the detector in position 
in the TC. The reactor power was increased from 1 kW to 455 kW and the spectrum was 
recorded at various power levels. The counting time for each measurement was 5 
minutes. The experiments were performed at room temperature inside the TC. 
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The tritons produced by thermal neutrons, lose energy in the detector and create 
electron-hole pairs. The electron-hole pairs created in the active volume of the detector 
are collected and recorded as a current pulse. As the peak pulse voltage is proportional to 
the integral of the current pulse, which is in turn proportional to the deposited energy, the 
recorded pulse- height distribution (PHD) is the histogram of the number of pulses that 
arise as a consequence of energy deposition within various increments of deposited 
energy.  
Error! Reference source not found. shows the recorded PHD for the detector. 
Error! Reference source not found. has as the title of its ordinate “Corrected Counts/ 
kW*s”. The word “Corrected”, in this context, means that the effects of finite detector 
system resolving times have been accounted for using a real time to live time correction 
factor that is output by the DSA 2000.  This real time to live time correction factor was 
applied to all the recorded PHDs to account for dead time effects.  Measurements were 
recorded of the fission product decay gammas after the reactor was shut down. This 
measurement showed that gamma-ray events were confined to channels less than 150 
(Figure 3). To eliminate most of the gamma-ray induced pulses from processing by the 
DSA 2000, a lower level discriminator (LLD) for pulse height was set on the DSA 2000 
to channel 10 for neutron counting.  One can observe by comparing the PHDs in Error! 
Reference source not found. and Figure 3 that this LLD setting was sufficiently large to 
eliminate noise and virtually all gamma-ray induced pulses from neutron-induced triton 
pulses in the recorded PHDs. To further discriminate gamma-ray induced pulses from 
neutron-induced triton pulses, in the post-processing of the PHDs to obtain Corrected 
Counts/ kW*s, only counts for channel numbers greater than 150 were included in the 
sum.  
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Fig. 4.  The pulse height spectra of SiC detector placed in the TC for various reactor 
power levels as specified by the curve labels. 
 
 
 
 
 
 
Figure 3 SiC detector spectrum after reactor shutdown. The peak at channel 600 is due to 
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pulser.  
 
 
2.1.4.2  Detector Degradation Due to Dose Rate 
Experiments performed in the TC with the detector showed degradation in the 
detector performance when the detectors were irradiated at different power levels. The 
results were analyzed to account for the degradation in the detector performance. As 
shown in Error! Reference source not found. the spectrum was shifted toward the left 
as the detector was irradiated for increasingly large power levels ranging from 1 kW to 
455 kW. This flux dependant shift appears to be operationally significant. Irradiations 
such as those that led to Error! Reference source not found. were repeated again, and 
the shift in the spectrum was prominent every time the detector was irradiated at 
increasingly large power levels. Error! Reference source not found. also shows that the 
area beneath the spectra for channels greater than 150 (this subset of channels includes all 
the channels for which there is only a contribution from neutron induced pulses) 
decreased with increasing reactor power. The count rate decreased from 146.91 
counts/kW-s (includes real time to live-time correction) to 77.97 counts/kW-s (includes 
real time to live time correction) as reactor power was increased from 1 kW to 455 kW. 
Figure 4 shows the Corrected Counts/ kW*s for the SiC detector package placed in 
the TC as a function of neutron fluence. Two important observations from this figure are: 
1) Up to 3x1012 n/cm2 thermal neutron fluence, an increase in fluence caused a 
decrease in count rate per kW, which implies the build up of stable defects with 
increasing fluence. 
2) Extrapolating Curve 2 (which was measured for a reactor power of 455 kW) to a 
lower fluence of 5.69x1011 n/cm2 (the fluence for which the irradiations at 50 kW were 
terminated) yielded 90.1 counts per kW-s. But for the same fluence, Curve 1 (measured 
for a reactor power of 50 kW) yielded about 133.4 counts per kW-s. The differences 
between the extrapolated count rates for Curve 2 and the measured count rates for Curve 
1 indicate the presence of a transient defect population that increases with increasing 
fluence rate and degrades the performance of the detector.  
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Figure 4 SiC detector normalized (per kW-s) count rate vs. average fluence. The reactor 
was operated at various power levels, as specified in the curve labels. (The fractional 
error on the data points for 50 kW is 0.5% and for 455 kW is 0.65%). 
 
The change in the corrected counts per kW-s that was observed is due to the 
damage caused by the tritons in the SiC detector. These charged particles increase the 
number of trapping centers by displacing the atoms. As the free electrons, which 
contribute to the spectrum peak, are trapped at these trapping centers, the charge 
collection efficiency of the detector decreases, thus degrading its performance. 
 
2.1.4.3  Detector Degradation Due to Accumulated Dose 
To account for the accumulated dose effect, the SiC detector was irradiated at a 
constant full power (455 kW) for 11 hr in the TC and the effects of the prolonged 
irradiation on the detector performance were observed, as it is shown in Figure 5. One 
can observe from the figure that at fluences greater than 5x1013 n/cm2, the count rate 
appears to remain constant. A slight increase in the count rate at fluence greater than 
6x1013 n/cm2 was also observed.   
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Figure 5 SiC detector normalized (per kW-s) count rate vs. average fluence. The reactor 
was operated at 455 kW for 11 hours. (The fractional error on the data points are 0.5%) 
 
2.1.4.4  I-V Measurements 
To study the degradation of the material and electrical properties of the diode due 
to radiation effects, I-V (current vs. voltage) measurements were recorded before and 
after neutron irradiations. A Keithley sourcemeter 2410 was used to record the forward 
characteristics of the diode. 
 To study the degradation of the material and electrical properties of the diode due 
to radiation effects, I-V (current vs. voltage) measurements were recorded before and 
after neutron irradiations. A Keithley sourcemeter 2410 was used to record the forward 
characteristics of the diode. The detector was forward biased when making the I-V 
measurements. 
 The I-V measurements that were recorded show the degradation of the detector 
performance due to the dose-rate effect. Figure 6 shows the increase in the forward 
resistance of the diode, as the detector was irradiated at different power levels. The power 
levels of the irradiations were chronologically ordered from lowest power to highest 
power. Thus, the results are integral in the sense that the curve labeled as “After 10 
minutes at 50 kW” shows the damage resulting from irradiation at 1 kW for 1 hour 
followed by irradiation at 10 minutes at 50 kW. A similar statement can be made 
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regarding the irradiation history of the diode for the curve that is labeled as “After 15 
minutes at 455 kW”. Consequently, the shift of the curve from the position of the 
preceding curve indicates the result of the incremental irradiation with which the curve is 
labeled. The shifting of the curves to lower currents for the same voltage results from an 
increase in the resistivity of the diode due to the more trapping centers. 
 
 
Figure 6 I-V measurements for the SiC detector, before and after irradiation at various 
power levels.  
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Figure 7 I-V measurements for the SiC detector, before and after 11 hr irradiation. 
 
2.1.5 Comparative Study 
The thermal neutron flux (2200m/s flux) measured experimentally using a gold 
foil in the TC yielded a flux of (2.2±0.07)x109 n/cm2/s. The experimentally measured 
thermal neutron flux was multiplied by the volume of the LiF target and TRIM 
calculations of the total detection efficiency for tritons to predict the theoretical triton 
count rate.  
Table I compares the experimental and theoretical triton count rates for the 
detector. Column 1 presents the experimental triton count rate for the detector placed in 
the TC.  Column 2 presents the theoretical triton count rate, if the detector counts all the 
tritons which enter the SiC active volume. 
 
Table I. Experimental and Theoretical count rates for the SiC detector 
Experimental count rate 
(cps) 
Theoretical count rate, assuming all 
incident tritons are counted 
(cps) 
(2.90±.02)x104 (3.3±.099)x104 
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From Table I, one can observe that the theoretical and experimental count rates 
for the SiC detector are in close agreement with one another.  
 
2.2 Conclusion 
In this report, the degradation of the SiC detectors in the TC’s thermal neutron 
environment was evaluated in terms of dose and dose rate effects. Irradiating the detector 
at 455 kW (the 2200 m/s fluence rate is 2.2x109 n/cm2/s), the count rate per kW 
decreased by a factor of 2 after 11 hr. The I-V characteristics recorded during pre-
irradiation and post-irradiation, confirm degradation of the detectors. 
A theoretical model of the SiC Schottky diode detectors was constructed based on 
MCNP and TRIM computer codes to study the damage induced by tritons for a given 
diode detector package configuration in the TC’s thermal neutron environment. The 
predicted count rate was compared with the experimental results that were obtained in the 
TC irradiation field of OSURR using a charge sensitive preamplifier. The experimental 
results are in agreement with the predicted response to within a factor of three. 
I-V measurements show some annealing effects occuring at room temperature. 
Maintaining the detectors at a higher temperature during irradiation may cause more 
annealing to occur, thus reducing degradation of the detector. Experiments are necessary 
to test the degradation of the detector at elevated temperatures, to determine if the effects 
of annealing are sufficiently great so that the detectors may be useful for neutron power 
monitoring at high count rates. 
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Neutron Damage in SiC Semiconductor Radiation Detectors
in the GT-MHR
ABSTRACT: As a part of a U.S. Department of Energy Nuclear Engineering Research Initiative NERI
project, we are evaluating the potential for using silicon carbide SiC semiconductor radiation detectors,
operating in the pulse mode, as power monitors for gas turbine modular helium reactor GT-MHR 1.
Locations for the power monitors will be selected considering acceptable detector count rates and lifetimes.
We have characterized the radiation environment at various locations in the GT-MHR, where detectors may
be placed, in terms of the 1 MeV equivalent neutron ﬂux in SiC eq,1 MeV, SiCTotal. Also, we have charac-
terized the radiation ﬁeld in beam part 1 BP1 of the Ohio State University Research Reactor OSURR in
these same terms, with the intent of correlating observed degradation of the SiC detectors in the OSURR
to the degradation that can be expected for various detector locations in the GT-MHR. Comparing
eq,1 MeV, SiC
Total for the GT-MHR and for the OSURR, we conclude that SiC devices cannot be adequately
tested in the characterization vessel in OSURR BP1 for the radiation damage that would be incurred over
a refueling cycle for detectors placed in-core. Also, we note that the radiation environment in the OSURR
BP1 is harder than the radiation environment in the GT-MHR.
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d˙  damage rate
Introduction
This paper describes the results of our efforts to characterize the radiation environment at various locations
in the gas turbine modular helium Reactor GT-MHR where detectors may be placed, and in beam part 1
BP1 of the Ohio State University Research Reactor OSURR in terms of eq,1 MeV,matTotal ASTM E 722-94
2. Displacement damage arising from gamma-ray interactions is insigniﬁcant and is not included in our
analysis. Displacement damage arising from Si and C atoms recoiling in radiative capture events is
included in the displacement damage kerma factor which is discussed below.
For the purpose of predicting detector lifetime, one is interested in knowing the displacement damage
rate d˙ . It can be calculated with knowledge of the energy integrated neutron ﬂux Total also called the
total neutron ﬂux and the hardness factor Hmat, where
Hmat = eq,1 meV,mat
Total /Total 1
Total = 
0

EdE 2
and the total 1 MeV equivalent neutron ﬂux eq,1 MeV,matTotal is deﬁned as:
eq,1 meV,mat
Total
= 
0
 FD,matE
FD,1 MeV,mat
EdE 3
where FD,matE is the damage function the displacement damage kerma factor, which is given below in
Fig. 1 for Si and SiC. In this ﬁgure, FD,SiE is from ASTM Standard 722-94. Data given by Heinisch et
al. 3 was used to estimate FD,SiCE, assuming the average Ed for SiC is 22 eV 4.
With a knowledge of FD,1 MeV,mat and eq,1 MeV,matTotal , or with a knowledge of FD,1 MeV,mat, Hmat, and
Total, one can calculate d˙ as
d˙ = FD,1 MeV,mateq,1 meV,matTotal = FD,1 MeV,matHmatTotal 4
FIG. 1—The damage functions (the displacement damage kerma factors) for SiFD,SiE and
SiCFD,SiCE: Logarithmic scales are used for the ordinate and for the abscissa.
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In this paper, we present and compare values of eq,1 MeV,matTotal and Hmat calculated for SiC in the
GT-MHR and in the OSURR BP1.
Background
GT-MHR
This section provides background information about the GT-MHR conceptual design based on the General
Atomics report submitted to U.S. Nuclear Regulatory Commission 1. The primary components for each
module are reactor vessel and power conversion vessel, connected by a cross vessel. The vessel systems
are located inside an underground silo 23.9 m in diameter42.7 m deep, which serves as the containment
structure. The reactor vessel is made of high strength alloy steel and is approximately 7.58 m in diameter
and about 31.2 m high. It contains the reactor core, core supports, internal structure, reactivity control
assemblies, and hot duct.
The reactor core consists of hexagonal fuel and reﬂector elements, plenum elements, and reactivity
control material, all located inside a reactor pressure vessel. The core is designed to provide 600 MW
thermal MWth at a power density of 6.6 MW/m3. The active core consists of an assembly of hexagonal
graphite fuel elements blocks containing blind holes for fuel compacts and full-length channels for
helium coolant ﬂow. Figure 2 presents a cross section of the reactor vessel. The active fuel region of the
core consists of 102 fuel columns that are ten blocks high, arranged in three annular rings. Above and
below the active core there are upper and lower replaceable reﬂectors. The reﬂector above the active core
is composed of one and one-half layers of H-451 graphite, for a total reﬂector height of 1.2 m. The
reﬂector below the core has a total height of 1.6 m. It consists of two layers: one layer of two half-height
reﬂector elements above a layer of two half-height ﬂow distribution and supports elements.
The active core has columns of hexagonal graphite reﬂector elements in the inner and outer regions.
The outer side reﬂector is split into two rows of replaceable reﬂector and one row of permanent side
reﬂector. The permanent side reﬂector blocks are solid except for the inclusion of boronated steel pins,
which act as neutron absorber poisons. A metallic core support, the core barrel, is provided around the
outside of the core assembly for lateral support. The core is cooled by helium, which ﬂows through the
outer annulus within the cross vessel, up the core inlet riser channels located between the core barrel and
FIG. 2—Core arrangement and the capsule tube positions. It should be noted that the capsule tubes are
not in the original design of GT-MHR.
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reactor vessel, and ﬁnally down through the core. The helium that is ﬂowing into the reactor vessel is the
working ﬂuid in the power conversion system as well. GT-MHR operates at an elevated temperature with
helium inlet temperatures of 491°C and outlet temperatures of 850°C.
The reactor vessel is surrounded by a reactor cavity cooling system RCCS. The RCCS removes heat
from the reactor vessel by radiation and natural convection from the uninsulated vessel. It also protects the
concrete wall of the reactor cavity from exceeding design temperature limits for all modes of operation.
The RCCS includes a cooling panel placed around the reactor vessel. Heat is removed from the reactor
cavity by natural circulation of outside air through the RCCS cooling panels.
Methods
MCNP Computer Model
A model for the GT-MHR in-core detectors within capsule tubes henceforth called simply “capsules” in
the central reﬂector was designed using MCNP 4 version 4C. The computer model consists of a geometric
representation of the GT-MHR core, reactor vessel, capsule, cavity, and RCCS. The model includes a
particle speciﬁc source term, neutron and photon tallies, and variance reduction techniques to allow for
accurate as well as timely results. The model was run on UNIX based computer systems.
The GT-MHR reactor geometry is deﬁned in MCNP using a series of vertical surfaces and horizontal
planes. Consequently, all the regions of the reactor have ﬁnite length. Table 1 presents the geometrical data
for the all regions of the in-core detector model.
The central reﬂector 2 consists of graphite hexagonal elements, with a distance between ﬂats of
46.76 cm the distance between two opposite sides of the hexagon, that occupy the central region of the
reactor. The central reﬂector’s hexagonal shape allows six locations for the placement of the capsules. We
have considered placing the capsules within the central reﬂector at 0, 60, 120, 180, 240, and 300 deg, as
shown in Fig. 2. Moreover, we have considered placing the capsules at two different radii, ﬁrst at R
=153 cm and second at R=117 cm.
TABLE 1—Geometrical data for MCNP GT-MHR model for in-core detector positions.
Region
number Region
Hexagonal
ﬂat-to-ﬂat
cm
Inner
diameter
cm
Outer
diameter
cm
Height
cm
1 Core 467.65 … … 800
2 Central replaceable reﬂector … … … 1080
Ring 1 93.52 … … 1080
Ring 2 155.88 … … 1080
Ring 3 218.23 … … 1080
Ring 4 280.59 … … 1080
3 Side reﬂector … … 617.6 1080
4 Upper replaceable reﬂector … … 484.0 120
5 Lower replaceable reﬂector … … 484.0 160
6 Permanent side reﬂector … 617.6 671.0 1080
7 Permanent side reﬂector withboron carbide pins … 671.0 682.0 1080
8 Core barrel … 682.0 693.0 1080
9 He … 693.0 720.0 1080
10 Gas duct shell … 704.5 708.5 1080
11 Reactor vessel … 720.0 758.0 1080
11 Reactor vessel ﬂange … 720.0 854.0 100
12 Reactor cavity … 758.0 1180.0 1080
13 RCCS wall … 1180.0 1212 1080
15 Cavity liner … 1280.0 1281.2 1080
16 Concrete … 1281.2 1341.2 1080
17 Capsule—inner tube … 3.89 4.22 1080
18 Capsule—outer tube … 6.66 8.89 1080
20 Porous carbon … 9.70 14.90 1080
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Figure 3 presents transverse and lateral cross sections of the MCNP GT-MHR in-core model. The
model is described below outwardly from the center of the core.
The fueled region of the GT-MHR core 1 was deﬁned as existing between the boundaries of two
hexagons. The inner hexagon has a distance between ﬂats of 280.592 cm and the outer hexagon has a
distance between ﬂats of 467.724 cm. Moreover, six prismatic elements of the outer side reﬂector 3 are
inserted into the active core in order to match as closely as possible the real geometry. The active core
volume was divided into ten axial layers according to height of the hexagonal graphite fuel elements of
which the core is composed. As can be seen in Fig. 3, above and below the core, there are, respectively,
an upper replaceable reﬂector 4 and a lower replaceable reﬂector 5. The height of the upper reﬂector is
one and one-half blocks 120 cm, and the height of the lower reﬂector is two blocks 160 cm. The active
core volume is surrounded radially by the outer side replaceable reﬂector 3. The outer side replaceable
reﬂector is surrounded by an annular region, which deﬁnes the permanent side reﬂector 6. The permanent
side reﬂector is surrounded by a region which contains the boron carbide pins 7. The region of boron
carbide pins is surrounded by the core barrel 8. Outboard of the core barrel, between the outer surface of
the core barrel and the inner surface of the reactor vessel, there are two annular regions with helium 9,
divided by a gas duct shell 10. An annular region deﬁnes the reactor vessel wall 11. Outboard of this
FIG. 3—Cross section of the MCNP GT-MHR model for in-core detector positions.
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annular region, two ring regions deﬁne the reactor vessel ﬂanges. Between the reactor vessel and the
RCCS there are cells ﬁlled with air 12. The RCCS panel 13, cavity liner 15, and concrete wall 16
were modeled in detail as a part of an ex-core detector model. The detailed description of those elements
of the model is not relevant for calculations for detector locations within the core, so, for this reason, we
will not discuss them further. A sphere with a radius of 900 cm surrounds the MCNP GT-MHR in-core
model. This sphere deﬁnes the “universe” for the Monte Carlo calculation. Particles transported outside of
this sphere are ignored.
Material Cards and Cross-Section Libraries for GT-MHR
The material composition for each the structural elements that are listed in the legend was deﬁned in the
MCNP model as a homogenous mixture for a core completely loaded with fresh fuel. The homogenization
of the fuel and binder in the core was judged to be adequate for our calculations, since, as described below,
the source was deﬁned with an axial power proﬁle that was generated using a more detailed model
geometry. The cross-section libraries used to perform the computations are based on the Evaluated Nuclear
Data Files ENDF/B-VI. For carbon, the neutron scattering S , thermal treatment was taken into
account. Furthermore, for each cell in the model, the temperature was indicated in order to take into
account the Doppler effect. For the MCNP GT-MHR model, the neutron multiplication by ﬁssion was
turned off by setting a “nonu” card to zero for all cells in the model.
Characteristics of the Neutron Source for GT-MHR
In the GT-MHR model, the source was deﬁned in active core cells. The source was assigned an axial
probability distribution function, based upon the power in ten core vertical cells. The relative probability
of a source neutron being emitted from a cell was proportional to the cells contribution to the axial power
proﬁle. Each source within a cell was modeled as an isotropic neutron source uniformly distributed within
the cell. The energy distribution of source neutrons was sampled using the watt neutron spectrum for
U-235.
The neutron production rate S˙n was used to calculate the absolute neutron ﬂux based on the ﬂux per
source particle that MCNP yields. The neutron production rate was calculated based on the thermal power
of the core, which was assumed to be 600 MWth, the average ﬁssion neutron energy that is converted into
thermal energy Ef, which was assumed to be 190 MeV, and the number of neutrons produced per ﬁssion
, which was assumed to be 2.43.
Particle Tallies for GT-MHR Models
Tally number four yields the ﬂux averaged over a volume and normalized on a per source particle basis.
For the in-core detector model, tally number four was chosen to provide neutron ﬂux values in ten cells in
the capsule. The heights of the tally volumes correspond to the lengths of the corresponding fuel blocks.
The neutron ﬂux tally output was split into 101 energy bin groups plus one bin for the total ﬂux. Thus, for
an individual cell it is possible to determine the neutron ﬂux energy spectrum.
Tally number two yields the ﬂux, averaged over a surface and normalized to the number of source
particles
The variance reduction techniques that were applied are geometrical splitting and energy splitting. For
the detector tallies, the MCNP cases were run until the errors in the total ﬂuence were smaller than 5 %.
Results
As an example of the results that were obtained, Fig. 4 shows the neutron energy spectra neutron ﬂux per
MeV for both in-core positions R=153 cm and R=117 cm, at Z=320 cm. For R=153 cm the neutron ﬂux
energy spectra is shown within the capsule and in the absence of the capsule. As can be seen, the presence
of the capsule causes the thermal neutron ﬂux to be smaller within the capsule than it is without the
capsule, due to the absorption of thermal neutrons in the capsule wall.
Results similar to those shown in Fig. 4 were obtained at other in-core locations. The spectra that were
obtained were processed using Eqs 1–3 to obtain eq,1 MeV,SiCTotal and HSiC.
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Figure 5 presents a graph of eq,1 MeV,SiCTotal for two in-core radii 117 cm and 153 cm and three axial
positions for the GT-MHR reactor core. Figure 6 presents HSiC versus axial layer, with radius as a
parameter, for the same detector positions as for Fig. 5. For purposes of comparison, eq,1 MeV,SiCTotal and HSiC
are presented in these ﬁgures for ex-core locations at the indicated radii in the RC Region 12 in Fig. 3
and in the RCCS air Region 14 in Fig. 3.
For purposes of comparison, eq,1 MeV,SiCTotal were calculated in the manner described above for Position
4 in the semiconductor device characterization vessel in Beam Port 1 BP1 of the OSURR. The values of
E that were used in the calculations were determined using foil activation data and the SAND-II
FIG. 4—Neutron ﬂux energy spectra for in-core positions at R=153 cm and Z=320 cm (with and without
the capsule), R=117 cm and Z=320 cm, for full power operation P=600 MWth.
FIG. 5—eq,1 MeV,SiCTotal versus reactor layer, with radii as a parameter, for ﬁve in-core radii.
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neutron energy spectrum deconvolution code. The results of the calculations are eq,1 MeV,SiCTotal =7.20
1011 neutrons cm−2 s−1 for operation at 500 kW nominal full power. Also, HSiC=0.66
In conclusion, it can be seen by comparing the values of eq,1 MeV,SiCTotal and HSiC for the GT-MHR with
the value of eq,1MeV,SiCTotal and HSiC for the OSURR, that SiC devices cannot be adequately tested in the
characterization vessel in BP1 of the OSURR, for the radiation damage that would be incurred over a
refueling cycle, for detectors located in core in the GT-MHR. Although the differences in the radiation
hardness, between the characterization vessel in BP1 of the OSURR and the GT-MHR for in-core loca-
tions, can be compensated for by simply irradiating the devices to equal 1 MeV equivalent neutron ﬂuence
	eq.,1 MeV,SiC
Total ; equal 	eq.,1 MeV,SiCTotal  cannot be practically attained in a reasonable time, since the OSURR
is run only upon demand which is on average a small fraction of a working day and not often at full
power. An analysis of ex-core locations is underway.
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TRIM Modeling of Displacement Damage in SiC for
Monoenergetic Neutrons
ABSTRACT: Although silicon carbide is a very good semiconductor material for the fabrication of diode
detectors for use as neutron power monitors in nuclear reactors, the electrical properties of the diodes may
be altered because of interactions between energetic neutrons and SiC atoms. If the energy that is trans-
ferred from a neutron to an atom in a collision exceeds some threshold value, the atom will be moved from
its original position, creating displacement damage. Accurately modeling displacement damage is a ﬁrst
step to ﬁnding ways to eliminate or decrease the amount of damage the displacements induce. The
methodology that we have used to estimate the number of displacements per atom per ﬂuence, using two
codes MCNP and TRIM is presented in this paper, along with examples of the results of our calculations.
KEYWORDS: displacement damage, MCNP, TRIM, PKA
Introduction
Silicon carbide SiC semiconductor diode detectors that are operated in the pulse mode may prove to be
useful as neutron power monitors for Generation IV nuclear reactors. As a semiconductor material, SiC has
very good thermal, chemical, neutronic, and electrical properties, particularly at high temperatures. Com-
pared to Si, SiC is a radiation hard material; however, like Si, the properties of SiC are changed by
irradiation by a large ﬂuence of energetic neutrons, as a consequence of displacement damage. Since
predictions of displacement damage and the concomitant radiation effects are important for deciding where
the SiC detectors should be placed, we discuss below our efforts to quantify the displacement damage that
may be expected to occur as a consequence of neutron irradiation of SiC diode detectors.
In studies of displacement damage, one attempts to estimate the number and conﬁguration of displace-
ments created by projectile particles 1. The study of displacement damage does not deal speciﬁcally with
the effects of radiation, the impact of time or temperature, or the recovery of defects. These are consid-
erations in the study of radiation effects; however, the accurate prediction of displacement damage is a ﬁrst
step in the accurate prediction of radiation effects.
In a classic paper, Kinchin and Pease introduced a simple model to estimate the number of displace-
ments per primary knock-on atom PKA 2. Later, Norgett et al. proposed a method to approximate the
number of Frenkel pairs that are created by energetic particles more accurately 3. Because of the
importance of these analytic formulations, later in this paper, predictions of displacement damage that we
have obtained using detailed Monte Carlo modeling are compared with predictions of displacement dam-
age made using these simple models. Coulter and Parkin formulated the displacement damage methodol-
ogy for polyatomic materials 4,5.
Most modeling of neutron induced displacement damage, until recent times, has been focused on
structural materials, especially iron. Notable among the papers that are not focused on iron is the paper by
Lee and Farnum 6 that used SPECTER 7 and TRIM 8 to estimate the number of vacancies per neutron
in alumina. The methods that we have used in this paper are similar to the methods that Lee and Farnum
have used in that both we and they have predicted PKA source distributions with a computer code and
used the resultant PKA source distributions as input to TRIM. However, our methods are different in that
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our calculations of the PKA source have been generated using the Monte Carlo code MCNP5 9 with cross
sections that are continuous in energy, whereas their PKA source has been generated by using SPECTER. As
an additional point of reference, Weber et al. at PNNL have estimated the number of displacements per
PKA 10 for SiC as a function of the PKA energy.
In this paper, we describe the methods that we have used to estimate the number of C- and Si-
displacements, using two powerful computer codes—MCNP5 and SRIM/TRIM 2003—in combination. Our
focus is to determine the displacements per atom DPA per ﬂuence. This term DPA/ﬂuence is useful for
comparing the number of displacements created by various ﬂuences of various projectiles irradiating
various target materials.
Displacement Damage Equations
Transferred Energy to PKA
Based on binary collision theory, if a neutron, with energy En, collides with an atom in the target, the
energy transfer in the elastic collision is given by the expression
T =
1
2
En1 − cos  1
where T is the kinetic energy of the PKA and  is the neutron scattering angle.  can be calculated as
 =
4m1m2
m1 + m22
2
where m1 is the mass of a neutron, and m2 is the atomic mass of the PKA. En is the maximum energy that
can be transferred from a neutron to the PKA atom in a collision and occurs for cos=−1.
For elastic isotropic scattering in the center of mass system, the average energy, T¯ , transferred from a
neutron of energy En to a nucleus of the target atom can be determined using
T¯ =
1
2
En 3
If we know the kinetic energy of a neutron before and after a collision En and En, respectively,the
kinetic energy of the PKA, i.e., T, can be simply calculated using Eq 4, for an elastic collision:
T = En − En 4
For inelastic scattering, the corresponding equation to ﬁnd the energy of the PKA is more complex.
Since in this article we restrict our attention to neutron energies below those for which inelastic scattering
occurs for SiC, equations that describe energy transfer in inelastic scattering events are not reviewed here,
but can be found in, e.g., Ref. 1.
Number of Displacements
As stated previously, the purpose of this article is to introduce a method to estimate the number of
displacements. Displacement damage theories are based on the assumption that the target atom must
receive a minimum amount of energy Ed in the collision in order to be removed from its original
position. For PKA energies that are much larger than Ed, the number of displaced atoms that are produced
by the PKA is proportional to the PKA energy. Based on the Nogrett-Robinson-Torrens NRT model and
the Linhard method, the following equations can be used to approximate the number of defects that are
produced per PKA T 1,2,11:
T = T T2Ed 5
where  is the damage efﬁciency and is equal to 0.8, independent of the PKA energy, and T accounts
for the effects of inelastic energy loss by the PKA. T can be determined using
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T =
1
1 + k g
6
where
k =
0.13372 Z2/3
A
1
2
7
and
g = 3.480081/6 + 0.402443/4 +  8
where
 =
T
86.931Z7/3
9
where the unit of  is eV. In the above equations, Z and A are the atomic number and atomic mass of the
target atom, respectively.
The DPA can be calculated as
DPA =
TnPKA
VNSiC
10
where nPKA is the total number of PKAs in the simulation, V is the volume of the detector the irradiated
volume in cm3, and NSiC is the atom density of SiC in cm−3.
DPA Estimating Process
In this paper, we suggest to estimate displacements that are created by neutrons in SiC diode detectors by
using the outputs of the MCNP and TRIM codes in series. In order to use TRIM to determine the number of
displacements resulting from neutrons, TRIM requires as input the types, energies, initial positions and
direction cosines of the PKAs. We receive these input parameters by modeling the transport of neutrons
through SiC with MCNP.
In our case, we are concerned with displacement damage in Schottky SiC semiconductor diode detec-
tors. These diodes are very thin 300 m. Consequently, the majority of neutrons, which are incident
upon the surface of the SiC diode, pass through the SiC without interacting. The PTRAC card in MCNP5
was used to determine the probability that a neutron that enters the SiC volume will interact with a Si or
C atom therein. Furthermore, a C-program was written to extract neutron characteristics energy, position,
and direction cosines, before and after each collision, as well as the type of the PKA that is created in a
collision, from the PTRAC ﬁles that were created by MCNP5. Based on conservation of energy and
momentum, the PKA characteristics atomic species, energy, position, and direction cosines, were deter-
mined for elastic collisions.
The output of the C-program was used as an input for the TRIM code, which was used to estimate the
number of displacements that are created, including the number of C- and Si-vacancies, and replacements.
Based on SRIM/TRIM deﬁnitions, if both the energies of the projectile after collision and the target atom are
more than Ed the minimum energy that is required to move an atom from its original site, a vacancy will
be created in the original position of the target atom. For the case where the projectile and the target atom
are of the same atomic species such as a Si projectile atom striking a Si target atom, and the post-
collision energy of the projectile is less than, then there will be a replacement. In the worst case, the
statistical error of this process, because of uncertainties in the sampling of MCNP and TRIM, was below 2
%.
The thickness of the semiconductor was assumed to be 310 m the active volume was assumed to
have a thickness of 10 m and the substrate was assumed to have a thickness of 300 m. TRIM treats a
solid as being amorphous. In other words, the target properties are assumed to be isotropic, including Ed.
The directionally averaged values of Ed were set equal to 20 and 35 eV for C and Si, respectively, to be
consistent with Weber et al. 12. However, there is some uncertainty in these numbers, since—in addition
to the isotropic approximation—supposedly more reliable ab initio simulations found that Ed might be
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higher for C, around 25 eV, and lower for Si, around 31 eV 13. The experimental Ed values for Si in SiC
vary between 35 and 85 eV, as a function of the Si orientation. For C, the experimental Ed values are
22 eVor smaller 14. The SiC density was set to be 3.2 g/cm3.
Results and Discussion
We used MCNP5 to determine the fraction of neutrons that collide while passing through the SiC detector.
Figure 1 shows the fraction of neutrons that collide while passing through a 310-m-thick SiC detector
versus En, assuming the neutrons are isotropically directed.
Except at resonance energies, only a small fraction about 0.6 % of the neutrons that are incident
upon the detector interact with Si or C atoms within the detector. Consequently, the probability that a
particular neutron interacts two times within the SiC detector, before leaving the detector, is approximately
0.004 %. This probability i.e., the probability that a particular neutron interacts twice within the SiC
detector is an important parameter in distinguishing between thin and thick SiC layers, since the thickness
of the layer affects the dependence of the volume-averaged displacement damage on En. As an illustration
of the effect, assume a neutron with energy En interacts within a SiC target that is thick enough that a
neutron is likely to interact twice within the target. In this case, if a neutron scatters on a C atom, after the
scattering event, the energy of the neutron decreases to En,C ; if a different neutron with the same energy,
En, interacts with a Si atom, the energy of the neutron decreases to En,Si . Since on average, En,C 	En,Si , the
dependence of the volume-averaged displacement damage on En would be less dramatic for a thick SiC
target than for a thin SiC target; because, for the thick SiC target, the neutron that interacts ﬁrst with a C
atom, and in so doing deposits more energy in the SiC on average than a neutron which interacts ﬁrst with
a Si atom, would have less energy available on average to create additional displacements, if it were to
interact a second time within the detector. Conversely, a neutron that interacts ﬁrst with a Si atom, and in
so doing deposits less energy in the SiC on average than a neutron which interacts ﬁrst with a C atom,
would have more energy available on average to create additional displacements, if it were to interact a
second time within the detector. Therefore, as stated above, the dependence of the volume averaged
displacement damage on En would be less dramatic for a thick SiC target than for a thin SiC target,
because of the balancing of greater and lesser energy losses that occurs between the ﬁrst and second
collisions in a thick target. For our case, where the SiC target is very thin, the probability of interaction
between neutrons and SiC atoms is very small, on a per neutron basis, and the dependence of the
displacement damage on En is most pronounced.
The elastic scattering cross sections for Si and C are presented in Fig. 2 15. As can be seen, for En
less than approximately 50 keV, the elastic scattering cross section of C is about 2 times greater than the
elastic scattering cross section of Si. For En greater than 50 keV, the elastic scattering cross section for Si
is comparable to, or slightly larger than, that of C.
Figure 3 presents the ratio of C-PKAs to the total number of PKAs the ratio of the C scattering cross
FIG. 1—Fraction of neutrons that collide while passing through a 310-m-thick SiC detector.
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section to the SiC scattering cross section as a function of neutron energy. For low neutron energies, this
fraction is 0.70. For larger neutron energies, this fraction varies due to variations in the scattering cross
sections of C and Si.
Figure 4 shows the maximum and average C- and Si-PKA energies as a function of En. Theoretically,
the ratio of the average PKA energy to the maximum PKA energy should be 0.5 for elastic and isotropic
scattering. Our calculations show that this ratio is 0.50, for En less than 50 keV for C and for En less than
FIG. 2—The elastic scattering cross sections for Si and C.
FIG. 3—Fraction of C-PKAs as a function of neutron energy.
FIG. 4—Maximum and average PKA energies versus neutron energy for (a) C-PKAs and (b) Si-PKAs.
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20 keV for Si. For greater than 50 keV for C, our calculations show that this ratio is slightly less than 0.5,
because the scattering is not purely isotropic. For En ranging from 20 to 1 MeV for Si, our calculations
show that this ratio varies between 0.29 and 0.58. Since the atomic mass of C is less than the atomic mass
of Si, for equal En, the average C-PKA energy is greater than the average Si-PKA energy. Theoretically,
the ratio of the average-C-PKA energy to the average-Si-PKA energy should be 2.13 for elastic and
isotropic scattering. Our calculations reveal that the ratio of these two average energies is 2.14 for low En
where collisions are elastic and isotropic, but that due to anisotropic scattering, this ratio changes
dramatically as En increases.
Figure 5 shows the number of displacements per PKA determined by our method as a function of En.
For comparison, the number of displacements per PKA calculated by the simple NRT model is plotted as
well. As it can be seen in the ﬁgure, these two results are in good agreement, particularly for small En. For
larger En, the difference between the two methods is a little greater, since in the NRT model it is assumed
that the neutron scattering angle is isotropic and that it is not a function of En. This assumption is not very
accurate for large En, depending on the type of PKA. In addition, the NRT model was originally developed
to estimate the number of displacements for elements, not compounds.
The results of our calculations of DPA/ﬂuence from the previous results are presented as a function of
En in Fig. 6, along with calculations of the DPA/ﬂuence that we determined using SPECTER. One interest-
ing point is that, according to both, the MCNP
TRIM calculations and the SPECTER calculations, the
DPA/ﬂuence is almost a constant, for En greater than 200 keV but less than 1 MeV.
FIG. 5—Number of displacements per PKA, determined by two methods: our method (MCNP
TRIM) and
the NRT model.
FIG. 6—DPA/ﬂuence as a function of neutron energy, determined by two methods: the MCNP
TRIM method
as suggested in the present paper and SPECTER.
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As can be seen in Fig. 6, the results of the MCNP
TRIM and SPECTER calculations are comparable,
except for low En. We believe that the main reason for the differences between the code calculations for
low En is that the codes SPECTER and TRIM use different formalisms to predict the number of displaced
atoms per PKA as a function of the kinetic energy of the PKA. The authors refer interested readers to the
SPECTER and TRIM manuals 7,8 for details regarding the differences in the formalisms.
One advantage of using MCNP
TRIM is that MCNP
TRIM uses cross sections that are continuous
functions of energy. Another advantage of using MCNP
TRIM, compared to SPECTER, is that MCNP
TRIM
yields additional information; including, for example, the number of Si- and C-vacancies and replace-
ments, the fraction of collided neutrons and the fraction of C-PKAs. Furthermore, when necessary, the
spatial distribution of displacements can be studied. Finally, since TRIM is a code that was developed
principally to study displacement damage resulting from ions, the MCNP
TRIM approach allows one to
compare, in a consistent manner, the displacement damage caused by neutrons with the displacement
damage caused by ions for example protons to determine the effect of adding Coulomb interaction into
the picture.
Conclusions
Our ﬁnal goal is to be able to predict the operational lifetime of SiC detectors as neutron monitors, as a
function of their ﬂux and temperature histories. Towards this goal, we have developed a method to
estimate the DPA/ﬂuence using two well-known codes: MCNP and TRIM. From knowledge of the DPA/
ﬂuence, we are able to determine the DPA for any ﬂuence. For the next step, we will calculate the resulting
concentrations of C- and Si-antisites, vacancies, and interstitials. We will use these results combined with
the results of ab initio modeling as input to kinetic diffusion equations that we will solve to study
annealing of SiC defects as a function of time and temperature. Finally, we are modeling the inﬂuence of
point defects on the electrical properties of SiC diodes to predict how these properties would change over
time for various relevant time periods for reactor operation, such as a refueling cycle.
Acknowledgments
This material is based upon work supported by the US Department of Energy under the NERI program
Award No. DE-FG-07-02SF22620 and NERI Project Number 02-207. Any opinions, ﬁndings, and con-
clusions or recommendations expressed in this material are those of the authors and do not necessarily
reﬂect the views of the Department of Energy.
References
1 Olander, D. E., “Radiation Damage,” Fundamental Aspect of Nuclear Reactor Fuel Elements, Tech-
nical Information Center, Energy Research and Development Administration, USA, 1976.
2 Gittus, J., Irradiation Effects in Crystalline Solids, Applied Science Publishers LTD, London, 1978.
3 Norgett, M. J., Robinson, M. T., and Torrens, I. M., “A Proposed Method of Calculating Displace-
ment Dose Rates,” Nucl. Eng. Des., Vol. 33, 1975, pp. 50–54.
4 Coulter, C. A., and Parkin, D. M., “Damage Energy Functions in Polyatomic Materials,” J. Nucl.
Mater., Vol. 88, 1980, pp. 249–260.
5 Parkin, D. M., and Coulter, C. A., “Total and Net Displacement Functions for Polyatomic Materials,”
J. Nucl. Mater., Vol. 101, 1981, pp. 261–276.
6 Lee, M. B., and Farnum, E. H., “The Effect of Neutron Energy on Defect Production in Alumina,”
Nucl. Instrum. Methods Phys. Res. B, Vol. 102, 1995, pp. 113–118.
7 Greenwood, L. R., and Smither, R. K., “SPECTER: Neutron Damage Calculations for Materials
Irradiations,” ANL/FPP/TM-197, Jan. 1985.
8 Ziegler, F. J., “SRIM-2003,” Nucl. Instrum. Methods Phys. Res. B, Vol. 219-220, 2004, pp. 1027–
1036.
9 Forster, R. A. et al., “MCNP Version 5,” Nucl. Instrum. Methods Phys. Res. B, Vol. 213, 2004, pp.
82–86.
KHORSANDI ET AL. ON TRIM MODELING OF DISPLACEMENT DAMAGE 7
10 Weber, W. J. et al., “The Efﬁciency of Damage Production in Silicon Carbide,” Nucl. Instrum.
Methods Phys. Res. B, Vol. 218, 2004, pp. 68–73.
11 Fukahori, T. et al., Reactor Dosimetry: Radiation Metrology and Assessment, G. W. Williams et al.,
Ed., ASTM, International, West Conshohocken, PA, 2001.
12 Gao, F., Weber, W. J., and Devanathan, R., “Defect Production, Multiple Ion-Solid Interactions and
Amorphization in SiC,” Nucl. Instrum. Methods Phys. Res. B, Vol. 191, 2002, pp. 487–496.
13 Windl, W. et al., “First-Principle Investigation of Radiation Induced Defects in Si and SiC,” Nucl.
Instrum. Methods Phys. Res. B, Vol. 141, 1998, pp. 61–65.
14 Zinkle, S. J., and Kinoshita, C., “Defect Production in Ceramics,” J. Nucl. Mater., Vol. 251, 1997, pp.
200–217.
15 Korea Atomic Energy Evaluation Lab., 2000, http://atom.kaeri.re.kr/
8 JOURNAL OF ASTM INTERNATIONAL




























